In humans, the thymus is the primary lymphoid organ able to support the development of T cells through its three-dimensional (3D) organization of the thymic stromal cells. Since a remarkable number of similarities are shared between the thymic epithelial cells (TECs) and skin-derived keratinocytes and fibroblasts, in this study we used human keratinocytes seeded with fibroblasts on the 3D poly ε-caprolactone scaffold to evaluate their ability to replace TECs in supporting T-cell differentiation from human haematopoietic stem cells (HSCs). We observed that in the multicellular biocomposite, early thymocytes expressing CD7
Introduction
T-cell development is characterized by discrete stage-specific differentiation of haematopoietic progenitor cells occurring within the thymus. At the beginning of the process, haematopoietic stem cells (HSCs) and multipotent or lineage-specific progenitor cells are characterized by the expression of the CD34 marker. In humans, the thymus is the primary lymphoid organ that exerts the unique property of supporting the development of fully mature and self-tolerant T cells (1) . The process is intimately linked to the specialized functions of thymic stromal cells (TSCs) and to the thymus architecture (2) . Genetic alterations leading to abnormal development of the thymic structures profoundly impair the T-cell differentiation process both in mice and humans (3, 4) . An important feature of the thymic microenvironment is its 3D organization, consisting of an ordered architecture of TSCs, which may be epithelial or mesenchymal in origin, through which the developing thymocytes migrate and mature (5) . This 3D configuration maximizes the interaction of developing thymocytes with the supporting stromal cells, allowing a proper intercellular cross-talk integral to the development of both T cells and TSCs (6) .
A remarkable number of similarities are shared between the epithelial and stromal cells of the thymus and keratinocytes and fibroblasts of the skin. Both thymic and skin epithelial cells selectively express the FOXN1 transcription factor, which plays a critical role in differentiation and survival of these specialized cells (3, 7, 8) . Gene alterations of this transcription factor lead to a complete blockage of the development of cell-mediated immunity also in humans (4, 8, 9) . Furthermore, the Notch pathway is shared between thymic stroma and skin elements, where it plays an important role in regulating epidermal differentiation (10) . Similarly, within the thymus, the Notch pathway is necessary for T-cell lineage commitment and early stages of thymocyte maturation (11) . In addition, keratinocytes express many of the keratins similarly to thymic epithelial cells (TECs) (12) . Moreover, human keratinocytes are easier to isolate than TECs. Furthermore, it has been documented that murine TECs can function as epidermal and multipotent hair follicle stem cells when exposed to an inductive skin microenvironment (13) . By contrast, a major difference between thymus and skin is the architecture of each organ, in that the skin epithelial cells are mostly distributed along a basement membrane differently from epithelial cells of the thymus, which are organized in a 3D configuration.
The ex vivo reproduction of microenvironments of the native tissue through approaches based on the use of porous and biodegradable matrices has been proven useful to repair or replace tissues damaged at a molecular or functional level (14) . This approach has been successful in achieving the regeneration of many tissues, such as skin (15) , cornea (16) , blood vessels (17) and in the bone replacement process (18, 19) .
Optimal scaffold materials should exert the properties of excellent biocompatibility, suitable microstructure, controllable biodegradability and suitable mechanical properties to sustain and facilitate a proper intercellular connection (20, 21) . Scaffold surfaces need to be organized to allow optimal cellcell contact, growth, maintenance of morphology and viability over time to meet the demands of the specific application (22) .
In congenital immunological disorders and, in particular, in athymic disorders, a scaffold mimicking the 3D structure of primary lymphoid organs may be potentially used for the differentiation of haematopoietic cell precursors and, eventually, allows the re-setting of immunological response through functional or molecular manipulation of precursor cells. In keeping with this, it has been recently documented that a 3D tantalumcoated carbon matrix is able to support the development of functional T cells from haematopoietic precursor cells in the context of a heterogeneous multicellular system (23), even though the capability of the system to ensure a complete process, resulting in mature type T cells, is still under debate (24) .
In this study, we verified the hypothesis regarding whether cellular elements of the skin, spatially arranged in a 3D polycaprolactone (PCL) architecture, can support in the absence of thymic components the survival of HSCs and their differentiation into T-lineage committed cells.
Methods

Preparation and characterization of porous scaffolds
The 3D porous scaffolds were developed by adapting the phase inversion and salt leaching technique reported in previous works (25) . Scaffold morphology was preliminarily investigated via field emission scanning electron microscope (FESEM; Quanta FEG200, FEI). Specimens were fractured using a razor blade along preferential directions, parallel and perpendicular to the surface. Transverse and longitudinal sections were covered by a thin chromium layer (ca. 20 nm) by automatic sputtering (Emitech K575X) to afford a more efficient electron conductivity of the scaffold surface. The porosity was assessed in terms of pore size, shape and spatial distribution by images at different magnifications and fixed working distance (10 mm) . To obtain a quantitative estimation of the scaffold porosity, three different methods were used: weight measurements by a gravimetric method, 2D image analysis (2D-IA) and mercury intrusion porosimetry (MIP). The porosity was obtained by theoretical conditions as previously described (26) . The 2D-IA evaluation of porosity features (porosity degree, pore size and spatial distribution) was performed by dedicated software (ImageJ 1.38b; NIH Freeware; National Institutes of Health, Bethesda, MD, USA) (27) . The porosity degree was evaluated from the total surface area of counted pores, whereas the pore sizes were derived. Means and standard deviations of pore fraction and size were determined on 10 different scanning electron microscopy (SEM) images. Porosity measurements by MIP were assessed to estimate the really interconnected pores and their specific pore surface. A mercury surface tension of 480 mN m -1 and a contact angle of 141.38° were used, while a pressure gradient from 400 Pa up to 200 KPa was intruded to exactly count either micropores or macropores according to the Washburn equation. Means and standard deviations were determined by testing three different samples.
Cell cultures
Normal human epidermal keratinocytes (Clonetics, Lonza) were cultured in supplemented keratinocyte growth medium (KGM-Gold BulletKit, Lonza) as previously described (28) . The cultures were incubated at 37°C in an atmosphere supplemented with 5% CO 2 , with the cell culture media changed daily. Normal human dermal fibroblasts (Clonetics, Lonza) were grown in fibroblast growth medium (FGM-2 BulletKit, Lonza) and 10% foetal bovine serum (Gibco, Invitrogen Ltd, Paisley, UK), supplemented with 100 U ml -1 penicillin and 100 µg ml -1 streptomycin (Lonza, Basel, Switzerland). The cultures were incubated at 37°C in an atmosphere supplemented with 5% CO 2 , with the cell culture media changed daily.
PBMCs were obtained from normal donors of heparinized peripheral blood by Ficoll-Hypaque (Biochrom AG, Berlin, Germany) density-gradient centrifugation. CD34 + HSCs were isolated by incubating 1-2 × 10 8 PBMCs in 300 µl of PBE with 100 µl of CD34 (QBEND 10)-conjugated magnetic beads (Multisort beads; Miltenyi Biotec, Bologna, Italy), followed by incubation for 30 min at 4-8°C. After incubation, the cells were washed with ice-cold PBE (PBS/0.5% BSA/5 mM EDTA) and processed through a column placed in a magnetic field and the target cells retained. After washing the column thoroughly with ice-cold PBE, the target cells were recovered by removing the magnetic field and flushing the column with 1 ml of PBE. CD34 + cells were then labelled with a CD34-FITC-conjugated antibody for 15-20 min at room temperature. The purity of the isolated haematopoietic progenitor cells was evaluated by flow cytometry.
Cell seeding
The PCL scaffolds were incubated in a solution of 100 µg ml -1 rat tail collagen I (BD Biosciences, San Josè, CA, USA) in PBS for 30 min at 37°C and rinsed twice in PBS (Cambrex, Charles City, IA, USA). Keratinocytes and fibroblasts were added to each matrix and incubated for 1 h at 37°C in a humidified 5% CO 2 atmosphere to allow cell attachment to the composite surface. Non-adherent cells were removed by transferring the matrices to new 24-well plates. Culture medium was added to each matrix and consisted of a 1:1 mix of the fibroblasts and keratinocytes media previously described. The constructs were then cultured for 6 days, and the medium was changed every other day. On day 7, 1 × 10 5 normal CD34 + HSCs were added to each matrix and the unit was cultured in Iscove's modified Dulbecco's medium (Gibco, Invitrogen Ltd) with 10% heat-inactivated foetal bovine serum (Gibco, Invitrogen Ltd), 20 ng ml -1 IL-7 (Invitrogen Ltd), 20 ng ml -1 IL-15 (Invitrogen Ltd), 100 ng ml -1 Flt3-ligand (Millipore, Billerica, MA, USA) and penicillin/streptomycin. One-half of the medium was aspirated and replaced three times weekly and the culture was maintained for 4-5 weeks.
Proliferation assay
To determine the biological effect of the PCL scaffold on in situ cell proliferation, peripheral blood cells were seeded in two different constructs: cell culture in 96-well tissue culture plates (BD Biosciences) in the absence of PCL scaffold and in the presence of PCL scaffold. Moreover, the cells were seeded on the different constructs at a density of 200 000 cells per well and cultured for 4 days in triplicate wells following 8 µg ml -1 of PHA (Biochrom AG) stimulation. At the end of the culture period, the cell proliferation was assessed with 
Madison, WI, USA). MTS reagent (20 µl per well) was added at 37°C for 4 h and the light absorbance at 490 nm was recorded using a microplate reader (Epoch multivolume spectrophotometer system). The background absorbance at 490 nm was corrected by subtracting the average absorbance of the control wells without cells from each well to estimate cellular functionality.
SEM analysis
As for the investigation of biohybrid scaffold, cells were fixed for 2 h in 2.5% glutaraldehyde solution and dehydrated with sequential washes in 50, 70, 80, 90 and 100% ethanol. The samples were air dried overnight before the chromium sputtering. In this case, the accelerating voltage of the FESEM equipment (Quanta FEG200, FEI) was set at 5 kV, reducing the vacuum level into the chamber (LV or low vacuum mode), so preventing any negative interaction of electron beam with the cellular bodies.
Flow cytometry
At defined time points (0, 1, 2, 3 and 4 weeks), the cells cultured on each PCL construct were extracted from the scaffolds by aspiration of the medium and flushing of the matrices. Cells were exposed to directly conjugated mouse anti-human monoclonal antibodies to assess HSCs with CD34-APC (BD Biosciences) and CD45-APC-Cy7 (BD Biosciences), and lymphocyte precursors with CD7-PE (Immunological Sciences, Rome, Italy), CD1a-FITC (Dako), CD3-PerCP (BD Biosciences), CD4-PE (BD Biosciences) and CD8-PECy7 (Beckman Coulter). The cells were incubated with directly labelled antibody clones at 4°C in the dark for 30 min, washed and re-suspended in 100 ml of PBS. The events in the displayed graphs and contour plots were gated by forward and side scatter to exclude dead cells. For analysis of early thymocyte subsets with CD7, CD3, CD4 and CD8, T-cell precursors were identified by gating on viable CD45 + dim cells. Analytical flow cytometry was performed using a BD FACS Canto II flow cytometer (BD Biosciences). Subsequent data processing and preparation for presentation were done using BD FACSDiva software.
Real-time PCR
The cells cultured on each PCL construct were extracted from the scaffold by aspiration of the medium and flushing of the matrix at different time points. RNA extraction was performed using RealTime ready Cell Lysis Kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. Total RNA was reverse transcribed using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche Applied Science) according to the manufacturer's protocol using random hexameric primers. Amplification of the complementary DNAs was performed using the SYBR Green and analyzed with the Light Cycler480 (Roche, Branchburg, NY, USA) under the following conditions: 5 min of denaturation at 94°C followed by 55 cycles for 6 s of annealing at 62°C and 5 min of extension at 72°C. Real-time PCR utilized specific primers to amplify Ikaros, TAL1, Spi-B, PTCRA and RAG2 (Table 1) . β-actin was used as a reference gene. A dissociation procedure was performed to generate a melting curve for confirmation of amplification specificity. The ratio of the target gene expression in experimental/control ('fold change in target gene'/'fold change in reference gene') was determined using the ΔΔCt method (29) .
Results
Synthesis and characterization of the PCL scaffold
A preliminary evaluation of the PCL scaffold architecture was performed by FESEM microscopy. A typical bimodal porosity, induced by the preparation technique, was obtained as clearly illustrated in Fig. 1(A and B) . Larger pores (macropores) ranging from 100 to 300 µm (Fig. 1A) due to the extraction of the sodium chloride crystals were strictly coupled with smaller pores (micropores) ranging from 1 to 20 µm (Fig. 1B) ascribable to phase inversion mechanisms by solvent/nonsolvent exchange. The estimation of porosity through gravimetric method revealed a porosity degree of 94.6 ± 0.8%. The porosity value calculated by 2D-IA was 82 ± 4% and underestimated the total macroporosity. As indicated in Fig. 1 , this analysis further offered a quantitative estimation of the pore size in terms of the average pore radius (APR) of micropores and macropores. The cumulative distribution of pore surface area (Fig. 1C) clearly evidenced a bimodal population of pores with statistical modes of 117 and 4.5, respectively. In particular, a macropore APR resulted equal to 117.6 ± 11.4, coherently with the average size of the used porogen particles, while a micropore APR equal to 4.5 ± 0.8 is in agreement with the SEM evidence. It is noteworthy that the bimodal porosity represents a key parameter that generally concurs with the interconnection of pores. MIP data confirmed a high fraction of fully interconnected pores, exceeding 90%.
The PCL scaffold does not interfere with the in vitro proliferative capability of PBMCs
To ensure that the scaffold composition did not alter cell physiology in cell culture, we evaluated PBMC proliferation following PHA stimulation. Cell cultures were performed in 96-well tissue culture plates in the absence or presence of a PCL scaffold, for 4 days. The PBMC proliferation in the presence of the scaffold was comparable to that achieved in the absence of the scaffold either in the presence or absence of PHA stimulation (Fig. 2) . These results indicate that the PCL scaffold did not interfere with the cellular proliferation, thus indicating that the composite did not have any cytotoxic effect on blood cells. To reproduce in vitro the thymic microenvironment, previously expanded fibroblasts and keratinocytes were seeded together onto artificial 3D PCL scaffolds. The structure of the composite, after cell seeding and cell infiltration of the PCL scaffold, was studied by SEM of the surface. In such a construct, each cell type was capable of interacting with both the material and with each other, as depicted in Fig. 3 . Fibroblasts and keratinocytes adhered and were organized spatially on the surface of inner pores of the material (Fig. 3A) . Moreover, as shown in Fig. 3(B) , a strong interaction of keratinocytes with fibroblasts occurred, resulting in skin cell occupancy of overlapping sites on the scaffold. In particular, a continuous layer of well attached cells to the upper surface of the scaffold was evident. Fibroblasts grew as adherent cells on the surface of the material, thanks to their stretching filopodi that spanned adjacent matrix components, forming focal adhesions with the matrix (Fig. 3C and D) . Figure 3(D) shows in detail the cellular adhesion to the material through thin filopodi. Therefore, this characteristic is most important for our system in that it ensures a stable interaction essential to reproduce an in vitro 'organoid'. Furthermore, each cell type was capable of interacting with material ( Fig. 3E ) and with each other (Fig. 3F ) after 3 weeks of culture.
Keratinocytes and fibroblasts seeded on the 3D scaffold support the survival of HSCs and their differentiation into T-lineage committed cells
In this organoid, positively selected CD34 + HSCs (>80%) were seeded in the scaffold and maintained in culture for 5 weeks in the presence of prolymphopoietic cytokines IL-7 and IL-15, as well as Flt-3 ligand. The PCL scaffold without skin elements or culture without the PCL scaffold were used as controls. The cell viability was evaluated by flow cytometric analysis of the pan-leucocyte CD45 marker. Figure 4 shows the behaviour of CD45 + cells in the different composites during the 5 weeks of culture. In the keratinocytes/fibroblasts/ PCL scaffold, the survival of CD45 + cells was higher than in the other composites. In particular, in this setting, CD45 + cells represented 70% of cell suspension after 4 weeks of culture, whereas in the control cultures without PCL, no viable CD45 + cells were detected at this time.
To evaluate the importance of the keratinocytes and fibroblasts on the maintenance and differentiation of CD34 + cells, the cells harvested from the constructs were analyzed by flow cytometry during the 5 weeks of culture. As shown in Fig. 5(A) and (B), the CD34 + cells decreased during the cultures. In the keratinocytes/fibroblasts/PCL scaffold, these cells were more represented during the culture and persisted longer than in the control cultures.
Figure 5(C) shows the behaviour of CD34 + HSCs compared with that of CD45 + in the keratinocytes/fibroblasts/PCL scaffold. Differently from HSCs, CD45 + cells persisted in the culture at least for 5 weeks, thus suggesting that in the presence of the multicellular biocomposite, re-arranged in a 3D configuration, stem cells undergo a differentiation process.
An important step in the establishment of an effective in vitro system for human T lymphopoiesis is the immunophenotypic characterization of the early stages of T-cell development. To address this issue, we performed a temporal analysis of early developmental changes that occurred when CD34 + HSCs were induced to differentiate in the composites. Of note, CD7 expression is considered to be one of the earliest cell surface markers known to appear during T lymphopoiesis (30) . During the development process in the keratinocytes/ fibroblasts/PCL biocomposite, the cells expressed the CD7 molecule after 3 weeks of culture (up to 65% of the viable CD45 + -gated cells). Interestingly, this expression profile persisted till the fifth week of culture only in the keratinocytes/ fibroblasts/PCL scaffold (Fig. 6B) . Differently, these early differentiated cells were much less represented in all the control cultures and disappeared by the fourth week. Of note, in the absence of keratinocytes, in spite of the fibroblasts seeded in the 3D scaffold, no CD7 + cells were generated. The transition from CD7 + CD1a
− to CD7 + CD1a + of early thymocytes is peculiar to an initial T-cell commitment. As shown in Fig. 6(C) , the CD1a molecule was expressed at the fifth week of culture only on cells cultured in the keratinocytes/fibroblasts/PCL scaffold, accounting for 85% of the viable CD45 + -gated cells, differently from the controls. The evaluation of the CD3 expression on cells developed in the in vitro system revealed the absence of this marker in the first 5 weeks of culture (Fig. 6D) , thus ruling out the presence of contaminating mature T cells. When the expression of CD4 and CD8 markers was evaluated in our system, only the presence of singlepositive CD4 cells was detected at the third week of culture in the keratinocytes/fibroblasts/PCL scaffold, accounting for 10% of the viable CD45 + -gated cells. Interestingly, these cells persisted until the end of the culture. In the control systems, the CD4 + cells were detected only at the third week, but they disappeared by the fourth week of culture. No single-positive CD8 or double-positive CD4 and CD8 cells were detected (Fig. 6E) . 
Skin-derived cells sustain HSC differentiation 707
These data suggest that the 3D scaffold colonized with both keratinocytes and fibroblasts promoted HSC commitment to the T-cell lineage as evidenced by the emergence of de novo generated CD7 + , CD1a
+ and CD4 + cells. To confirm that in the 3D PCL scaffold seeded with keratinocytes and fibroblasts, stem cells underwent to a T-cell linage differentiation process, the expression of selected T-lineagespecific genes, not expressed in keratinocytes or in fibroblasts, were studied by real-time PCR. It is generally agreed that earliest thymic immigrants with T-cell potential also retain the potential to become distinct haematopoietic cell types, such as NK cells, dendritic cells or monocytes. As T-cell precursors differentiate into T cells, they gradually lose the plasticity to become NK or dendritic cells. At this point, the genes required for alternative lineages commitment, such as TAL1 and Ikaros are down-regulated. Simultaneously, T-cell lineage-specific genes, such as Spi-B, PTCRA and RAG1/2, are up-regulated (31) . As shown in Fig. 7(A) , Ikaros expression was only barely detectable in the keratinocytes/ fibroblasts/PCL scaffold at the third week of culture in a comparable manner than in the control system without keratinocytes. The relative expression of TAL1 decreased during the culture in the keratinocytes/fibroblasts/PCL and it was not expressed in the control system (Fig. 7B) .
During the T-cell development, Spi-B is expressed at a lower extent at an earlier stage and is up-regulated at the DN3 stage (32) . As shown in Fig. 7(C) , Spi-B was up-regulated at the fifth week of culture in the keratinocytes/fibroblasts scaffold, differently from the control system where Spi-B was not expressed at all. These data paralleled the immunophenotypic data of the CD7 and CD1a expression. As for the PTCRA gene, it was highly expressed at the third week of culture in the keratinocytes/fibroblasts/PCL scaffold and was down-regulated at the fifth week of culture (Fig. 7D) .
RAG2 plays a pivotal role in the initiation of the re-arrangement of antigen-binding domains of the T-cell receptor, being up-regulated at the DN2 stage (33) . Only in the keratinocytes/fibroblasts scaffold was RAG2 expression detectable at either the third and fifth weeks of culture and was comparable to the expression in PBMCs (Fig. 7E) . Differently, in the control system, RAG2 relative expression was barely detectable during the culture.
Discussion
In this work, the capability of skin cellular elements, reconfigured in a 3D arrangement, to support the survival of HSCs and their differentiation into T-lineage committed cells has been documented. We observed that, in the absence of thymic cellular epithelial elements, skin-derived keratinocytes and fibroblasts seeded on the PCL scaffold, by mimicking the 3D configuration of the thymus, provide an appropriate environment to allow an optimal cell-cell interaction, able to support HSC commitment to the T-cell lineage.
The 3D organization is unique to TECs, in that in other organs, epithelial cells are 'polarized' and placed on a basal lamina, forming sheets of cells lining internal and external surfaces (34, 35) . The peculiar 3D organization of TECs creates a proper microenvironment, which allows thymocyte migration and a tight lymphostromal interaction (5, 36) . Foetal TSC monolayer cultures are not able to support T lymphopoiesis, thus indicating that the 3D structure is required (34) .
Recently, a thymic organoid has been engineered by seeding a tantalum-coated carbon matrix with thymic murine stroma (37) . This composite was able to generate mature functional T cells from bone marrow-derived haematopoietic progenitor cells. In this study, for tissue engineering, a different material, the PCL, has been chosen because it is a biocompatible structure with a high surface area/volume ratio due to its high porosity, thus being an ideal scaffold. In addition, the bimodal population of pores is strongly desired to assure efficient nutrient transport and waste removal within the scaffold. In addition, cell growth and migration are also favoured thanks to a higher surface/volume ratio (38) . Our findings are in keeping with previous observations, which indicate that PCL scaffolds are suitable in guiding cell growth and in facilitating the synthesis of extracellular matrix, thus leading to the formation of functional tissues and surrogate organs (39) .
Because skin-derived keratinocytes share several similarities with TECs, our data demonstrate that these cells, in the absence of thymic cellular elements, can replace TEC functionality in supporting the T-cell differentiation process. We observed that in the multicellular biocomposite, CD7 + cells were de novo generated by the third week of culture. Subsequently, at the fifth week of culture, these cells also expressed the CD1a marker. Furthermore, CD4 immature single-positive cells, not yet expressing CD3 and CD8 markers, were detected during the culture. These findings are in keeping with the observation that thymic precursors, at the earliest stages of T-cell development, first acquire the CD7 marker (30) . However, these cells along with T cells can also give rise to NK and myeloid precursors (40) . The transition to the CD7 +
CD1a
+ stage is considered peculiar to a T-cell commitment. At the next developmental stage, the pre-T cells express CD4, but not yet CD3 and CD8, and are thought to be CD4 immature single-positive cells. Later in the differentiation process, the cells express CD4 and CD8 and are referred to double-positive cells that subsequently mature in singlepositive CD4 or CD8 cells (41) .
In this study, through the evaluation of the expression patterns of genes selectively expressed in the haematopoietic component of the multicellular biocomposite, we confirmed that an in vitro de novo generation of cells committed toward the T-cell lineage occurred. Of note, TAL1 was down-regulated and Spi-B up-regulated in the cell suspension, consistently with the loss of the multilineage differentiative potential. Moreover, PTCRA and RAG2 expression was detectable at the third week, indicative of a recombination activity. These molecular events were not observed in the control systems and are consistent with the immunophenotypic data, supporting an ongoing T-cell differentiation process. It is known that at early stages of this process, the cells initially express TAL1, which sustains the lineage plasticity. These cells, therefore, retain the potential to become other haematopoietic cell types (42, 43) . The down-regulation of this molecule is strongly correlated with the activation of T-cell gene expression program, whose hallmark is the expression of Spi-B and the genes involved in the T-cell receptor re-arrangement, such as RAG1/2 and PTCRA (33) . Eventually, the cells are committed to a T-cell fate (44) . Our data, indicating that keratinocytes are able to sustain the process, are not surprising because epithelial and stromal cells of the thymus and skin-derived keratinocytes share a remarkable number of similarities. Of note, keratinocytes express FOXN1, a developmentally regulated transcription factor, selectively expressed in epithelial cells of the thymus and skin, where it plays a critical role in cell differentiation and survival resulting in T lymphopoiesis (7, 45) . FOXN1 is also expressed in all TECs during initial thymus organogenesis and is required for the initial phase of their differentiation (46) (47) (48) . Genetic alterations of FOXN1 lead to athymia (49, 50) and result in humans in a SCID phenotype associated with skin annexa abnormalities, referred as the human equivalent of the mouse nude/SCID syndrome (4, 51, 52) . This athymic condition is more severe than that observed in the other athymic conditions represented by the DiGeorge syndrome, which is only characterized by a moderate reduction of T cells, which are in several aspects functional (53) . DiGeorge patients, differently from nude/SCID ones, have circulating naive cells, thus suggesting that ectopic thymus anlage or additional structures may contribute to lymphopoiesis. Our data lead us to argue that skin and, in particular, keratinocytes may play such a role thanks to the FOXN1 expression. Of note, prenatal alteration of the FOXN1 gene in humans prevents the development of the 
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T-cell compartment, in particular leading to a complete blockage of the CD4 + T-cell lineage maturation (9). In conclusion, our results indicate that, in a multicellular biocomposite containing skin-derived elements in the absence of thymic stroma, HSCs do start differentiating and that the process is also directed toward a T-cell lineage commitment in the presence of IL-7, IL-15 and Flt3-ligand. However, the maturation process does not lead to the production of fully mature single-positive T cells. This suggests that additional factors or molecular manipulations should be used to reproduce a TEC-like surrogate environment. The in vitro re-build of an environment capable of reproducing tissue features of primary lymphoid organs is of valuable help for future therapeutic strategies for patients affected with congenital haematologic and immunologic disorders.
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